The structure of apatites allows large variations of composition given by the generic formula (M 10 (XO 4 ) 6 Z 2 ) including partial or complete substitution of both the cationic as well as the anionic sites, formation of nonstoichiometric forms and solid solutions. More than half of naturally occurring elements can be accommodated by apatite structure in a significant extend. The sixth chapter of this book is divided into five sections. The first, second and the third part deals with many examples of substitution including cationic substitution of M sites, anionic substitution of X-site and anionic substitution of Z-site, respectively. The remaining two sections continue with solid solution of apatites and ends with description of trace elements and their isotopes in the structure of apatite, respectively.
where □ represents the vacancy cluster [1] .
Besides the monoionic substitution, the co-substitution and mutual combinations of substitutions in anionic and cationic sites (multi-ionic substitution) were also often reported [3] , [4] , [5] , [6] . Mutual substitutions of trace elements into apatite structure brought new physicochemical, mechanical and biological properties in comparison with pure apatite or monoionic substituted apatite materials, e.g. hydroxylapatite [3] .
Some substitutions can proceed only at the synthesis stage, while a limited ion exchange between solid apatite and surrounding solution can also occur. Due to their high chemical diversity and ion-exchange capabilities, apatites are considered as materials for toxic waste storage and for wastewater purification. The ion exchange in apatitic structures in human organism also presents an interest for medicine [7] .
Recent studies have shown that a number of alkaline-earth-rare-earth silicates and germanates also have the apatite structure, and these have the cell sizes which span the division between the "apatites" and the "pyromorphites". Some, particularly barium and lanthanum apatites, have the lattice parameters comparable with the members of the pyromorphite group. Thus, Ba 2 La 8 (SiO 4 ) 6 O 2 has the cell parameters a = 9.76 Å and c = 7.30 Å and Pb 10 (PO 4 ) 6 F 2 shows a = 9.76 and c = 7.29 Å, while Ba 3 La 7 (GeO 4 ) 6 O 1.5 has a = 9.99 Å and c = 7.39 Å and Pb 10 (AsO 4 ) 6 F 2 has a = 10.07 Å and c = 7.42 Å. During synthetic studies, however, it became apparent that the prediction of the composition of compounds with apatite-type structures could not be made solely on the basis of satisfying the valence considerations, since the occurrence of the apatitetype structure also appears to be determined by the ratio of the mean size of "A" ions (i.e. Ca ions in fluorapatite) to the mean size of "X" ions in XO 4 [8] , [9] . The structure of hydroxyapatite allows large variations from its theoretical composition as well as the formation of nonstoichiometric forms and ionic substitutions. More than half of naturally occurring elements are known to be accommodated in the apatite lattice to significant extent. Ca Fig. 1(a) ) or rare-earth elements 1 (REE, Fig. 1(b) , which causes lengthening of a-and c-axes from 9.418 Å and 6.884 Å to 9.76 Å and 7.27 Å, respectively [8] , [12] , [13] , [14] , [15] .
The substitutions at Z site play a very important role in the crystallography of specific species.
The Z site lies in the channel formed by the X sites in fluorapatite and is of just the right size to fit between X atoms, and it lies on (001) mirror planes to yield the space group P6 3 /M. When Cl substitutes for F, Cl is too large to fit on the mirror plane, so it is displaced along the c-axis and the space group becomes P6 3 . The OH substitution is even more complex. OH anions are not spherically symmetric due to H + (proton) present in the charge cloud of O atoms. H causes a displacement of O off the mirror plane, the O-H orientation tends to align in a given channel, but adjacent channels may have different displacements and orientations. The result is that well-crystallized hydroxylapatites are usually monoclinic with the space group P2 1 /M or P2 1 [12] .
Some of the various families of substitutions that were experimentally established in apatites are summarized in Table 1 . In general, the ions that substitute for Ca in the A position have the valences from 1 to 3 and the coordination numbers of VII at Ca(2) (6h) site and IX at Ca(1) (4f) site. The minerals with essential rare-earth elements (REE or rare-earth metals, REM) or chemically related elements Y or Sc are termed as rare-earth minerals. They must be named with suffix (Levinson modifier [10] , [11] ), indicating the dominant rare-earth element (some examples can be found in Chapter 1 ( 
These synthetic phases have mineral equivalents in the minerals from the ellestadite group, which are listed in Table 3 . Since the mineral with ideal end-member formula Ca 5 (SiO 4 ) 1.5 (SO 4 ) 1. 5 Cl is assumed not to exist, the name ellestadite-(Cl) is discredited [19] . 
M(II) -O(3) [Å]
Distance between M(II) and O3 atoms
Total energy calculated from ab initio calculations Table 3 . The list of 29 discrete descriptors of electronic and crystal structure parameters [23] .
The fluorellestadite apatite and its solid solutions are minor components of many fluorinemineralized clinkers. It is stable to liquidus temperature of 1240°C at which it incongruently melts to dicalcium silicate (2CaO·SiO 2 ) and liquid [16] . The solid-state synthesis and the luminescence properties of europium-doped fluorellestadite (CSSF:Eu
2+
) cyan-emitting phosphor were described by QUE et al [20] . Ellestadite apatites and their solid solutions are promising materials for the immobilization of toxic metals or hazardous fly ash [21] , [22] . is displaced out of the 6h Ca(2) triangle plane and occupies 4e (0, 0, z) split positions with z ranging from 0.336(3) to 0.4315 (3) . Si/S randomly occupies the 6h tetrahedral site [19] , [21] .
The syntheses of Sr and Pb analogues of CSSF are also reported [18] . Strontium silico-sulfate apatite is not stable and decomposes to the mixture of strontium silicate and sulfate when heated to 1130°C for 30 min. Since high temperatures must be avoided, several attempts to prepare cadmium and barium silico-sulfate apatites were unsuccessful and the silicocarnotite-like phase was obtained from a mixture of the composition of Ca 10 (GeO 4 ) 3 (SO 4 ) 8 F 2 rather than apatite [17] .
Since there is a huge potential for the substitution in apatite structure (M(1) 4 M(2) 6 (XO 4 ) 6 Z 2 and for the formation of solid solution as well, the classification method enables to identify the key crystallographic parameters which can serve as strong classifiers of crystal chemistries. The structure maps for apatite compounds via data mining were reported by BALACHANDRAN and RAJAN [23] . The selection of the pair of key parameters from a large set of potential classifiers is accomplished through the linear data dimensionality reduction method. This structure can be represented as a 29-dimensional vector, where the vector components are discrete scalar descriptors ( Table 3 ) of electronic and crystal structure attributes utilized for the construction of the map of apatite compounds.
Basically, the structure map approach involves the visualization of the data of known compounds with known crystal structures in a two-dimensional space using two scalar descriptors (normally heuristically chosen), which are associated with physical/chemical properties, crystal chemistry or electronic structure. The objective is to map out the relative geometric position of each structure type from which one tries to discern qualitatively if there are strong associations of certain structure types to certain bivariate combinations of parameters [23] . A new structure map, defined using the two distortion angles (Fig. 3) That enables to classify the apatite crystal chemistries based on the site occupancy at M, X and Z sites and this classification is accomplished using the K-means clustering analysis (Fig. 3) . Fig. 3 with the site occupancy in the apatite unit [23] .
Even though Ca , is ordered almost completely into the smaller Ca(2) site in the apatite structure (Fig. 4) . The bond valence sums of Sr ions at two sites demonstrate that Sr is severely overbonded at apatite Ca site but less at Ca(2) site. Complete ordering of Sr into Ca(2) sites has important implications for the diffusion of that element in the apatite structure. It is the subject of several recent studies. The diffusion of Sr in (001) was shown to be as rapid or even more rapid than the diffusion parallel to [001] . As there are neither sites available for Sr, which are linked in (001), nor any interstitial sites, which can contain Sr 2+ ion, the diffusion mechanism involving the vacancies or defects or both is indicated [24] .
A series of Sr-substituted hydroxyapatites, (Sr x Ca 1−x ) 5 (PO 4 ) 3 OH, where x = 0.00, 0.25, 0.50, 0.75 and 1.00, was investigated by O'DONNELL et al [25] . The lattice parameters (a and c), the unit cell volume and the density were shown to increase linearly with strontium addition and were consistent with the addition of slightly larger and heavier ion (Sr) instead of Ca. There was a slight preference for strontium to enter Ca(2) site in mixed apatites. Strontium is often substituted for calcium in order to confer the radio-opacity in glasses used for dental cements, biocomposites and bioglass-ceramics. It can be concluded that strontium substitutes for calcium with little change in the glass structure as a result of their similar charge to size ratio. Glasses with low content of strontium nucleate in the bulk to form calcium apatite phase. Glasses with medium strontium content nucleate to mixed calcium-strontium apatite at the surface and glass fully substituted by strontium to strontium fluorapatite [26] .
Magnesium-substituted apatite
Magnesium-substituted hydroxyapatite (MgHAP) powders with different crystallinity levels, prepared at room temperature via a heterogeneous reaction between Mg(OH) 2 /Ca(OH) 2 powders and (NH 4 ) 2 HPO 4 solution using the mechanochemical-hydrothermal route, were reported by SUCHANEK et al [27] . The as-prepared products contained unreacted Mg(OH) 2 and therefore had to undergo the purification in ammonium citrate aqueous solutions at room temperature. MgHAP contained 0.24 -28.4 wt.% of Mg and the concentration of Mg was slightly lower near the surface than that in the bulk.
Two effects of different magnesium sources (magnesium nitrate and magnesium stearate) on the synthesis of Mg-substituted hydroxyapatite (Mg-n-HAP) nanoparticles by the co-precipitation method were investigated by LIJUAN et al [28] . There was no obvious difference of morphology, nanoparticle size and thermal stability between those two Mg-n-HAPs. However, Mg-n-HAP synthesized by magnesium stearate had lower crystallinity and better dispersibility, suggesting that magnesium stearate was a novel magnesium source to synthesize Mg-n-HAP, which can effectively reduce the powder crystallinity and prevent the aggregation of Mg-n-HAP nanoparticles, owing to the introduction of organic magnesium source, so as to obtain a promising candidate material to prepare Mg-n-HAP/polymer composite used in a variety of bone applications.
Copper-substituted apatites
Copper-substituted hydroxyapatite (Ca 10−x Cu x (PO 4 ) 6 (OH) 2 (where x = 0.05 -2.0) and fluorapatite Ca 10−x Cu x (PO 4 ) 6 F 2 (x = 0.05 -2.0) were synthesized by SHANMUGAM and GOPAL [29] via the co-precipitation method and subsequent thermal treatment to 700°C for 30 min. Due to its antimicrobial activity, the copper-substituted fluorapatite could be applied as an antimicrobial biomaterial for various purposes like orthopedic and dental implantations.
Nickel-substituted apatites
According to MOBASHERPOU et al [30] , the reaction mechanism corresponding to equimolar exchange of nickel and calcium and yielding to Ca 10−x Ni x (PO 4 ) 6 (OH) 2 , where x varies from 0 to 10, could be described by the following equation: 
In this process, Ni 
Zinc-substituted apatites
Zinc is a common bioelement. The zinc content in human bones ranges from 0.0126% to 0.0217% by weight [7] . Zinc as a cationic substituent in hydroxyapatite provides the option to counteract the effects of osteoporosis [31] . The incorporation of zinc into the HAP structure (Zn-HAP) was abundantly studied, owing to the key effect of Zn 2+ cations in several metabolic processes that makes zinc eligible for use in many biomedical applications and to its possible antimicrobial activity [3] .
The results of structure analysis indicated that Zn ions substituted partially for Ca ions in the apatite structure and the upper limit of Zn substitution for Ca in HA was about 20 mol.%. In general, the HAP lattice parameters, a and c, decreased with Zn addition [32] .
Zn-substituted apatite was synthesized by the precipitation method as follows [33] 
where 0 ≤ x ≤ 1. The pH of the solution was adjusted to 8 by aqueous solution of NH 3 , and the reaction mixture was kept at 90°C for 5 h with stirring. The resulting suspension was then subjected to suction filtration, and the powdery product was dried at 100°C for 10 h. It is known that the usage of chloride or nitrate of calcium as a starting reagent may cause the incorporation of Cl − or NO 3 − into the structure of apatite. This can be avoided by the utilization of acetate salts, because acetate ions are not incorporated into the apatite, i.e. they would not affect the apatite structure. 
where E eff is the effective Young's modulus and r 0 is the optimum radius for maximum equilibrium constant K D 0 , all of which will depend on the charge of the considered series of elements. These parameters can be adjusted to experimental data such as partition coefficients between minerals and liquids and lead to parabola-like curves, the position and curvature of which depend on the charge of the element. This approach was applied so far only to rare-earth elements in apatite, where the relative partition coefficients were extrapolated from magmatic temperatures around 800°C to low temperatures appropriate for fossil diagenesis [135] .
Complexation of metal cations
The complexation of metal cations in aqueous fluids involves binding with a broad range of molecules from simple inorganic ones (e.g. carbonates, phosphates and sulfates) to complex organic ones (humic acids, amino acids, proteins, enzymes, etc.). For molecules with several bonding sites and structural flexibility (e.g. multidentate or chelator), the complexation is thermodynamically favored with respect to the complexation with several monodentates having one bonding site; the process is named chelation. Chelators can be adsorbed on mineral surfaces while remaining complexed to metallic cations. The pattern of the partition coefficients associated with this process was measured for rare-earth elements complexed with humic acids and manganese oxides. It shows null fractionation along the whole series; the effect of chelation is therefore to screen the trace element in the crystal or ligand field and to suppress the fractionation associated with ionic radius variations and tetrad effects, and most of the anomalies associated with redox of Ce [140] . Similar effects might occur for the adsorption of chelated metals on other mineral surfaces and in particular phosphates. In addition to chelators, the transition metals also form complexes with proteins and enzymes that interact with bones and teeth in living organisms and may influence their incorporation in bioapatite [135] .
Diffusion processes
Solid-state diffusion in crystals is a thermally activated process governed by the enthalpy of formation and of migration of defects and usually well described by the Arrhenius relation [135] :
where D 0 is the pre-exponential factor corresponding to the diffusion coefficient at infinite temperature and ΔH a is the activation enthalpy (or energy) of the diffusion process. The extrapolation of high-temperature diffusion data of trace elements in apatite shows that these processes are inefficient at temperatures below 300°C, which cover the conditions of diagenetic alteration up to low-grade metamorphism [135] , [141] .
The differing initial and boundary conditions imposed in three sets of diffusion experiments:
Ion implantation;
2. In-diffusion with powder sources experiment;
3. Out-diffusion.
consequently resulting in different solutions to the diffusion equation. However, in all cases, the process can be described as one-dimensional, concentration-independent diffusion [141] . . The summary of data diffusion for cations and anions in apatite (a) [142] and the diffusion of Sm and Nd for various minerals and oxides (a) [141] .
A plot of diffusivities of various cations and anions in apatite is shown in Fig. 17(a) . The diffusivities of Mn are similar to those of Sr and about an order of magnitude slower than those of Pb. On the other hand, the diffusion of Mn
2+
in apatite is about two orders of magnitude faster than the diffusion of (trivalent) REE when coupled substitutions according to Eqs. 4 and 5 are involved [141] , [142] . The diffusion coefficients of Nd and Sm in various minerals and related oxides are plotted in Fig. 17(b) . The diffusion of REE in apatite is relatively fast; when only simple REE exchange is involved, it is among the fastest in rock-forming minerals for which the data exist. Even when the chemical diffusion involving coupled exchange is considered, REE transport in apatite is considerably faster than the REE diffusion in other accessory minerals [141] .
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